This paper presents a method for inspecting micro-holes with diameters of less than 100 µm by using audible sound. Fluid flow through micro-holes affects the performance of a product such as CO gas-detection sensor components, microphone filters, and fuel-injection plates. Therefore, if the flow rate of fluid passing through micro-holes could be accurately assessed by means of an inspection system, it would be possible to guarantee the performance of the product.
Introduction
Automotive fuel-injection plates, gas-detection sensors, and high-performance microphones all have components containing micro-holes that are used to control flow rate. In order to guarantee their performance, the shape of these micro-holes needs to be precisely realized in such components. Scanning electron microscope (SEM) photomicrographs of a micro-hole are shown in Fig. 1 .
Micro-hole shapes can be inspected using conventional inspection methods such as an optical microscope and contact 3D scanning [1] [2] [3] . However, these methods cannot accurately predict the flow rate of a fluid nor are they fast enough for the 100%-inspection that is often required on a line producing these components. Image-processing technology can realize high-speed inspection of microholes [4] [5] [6] , however cannot inspect their shape. For products that require flow assurance of a gas passing through holes, such as automotive fuel-injection plates and gas-detection sensors, the shape of the hole affects the performance of the product. Therefore, a new inspection method that is simpler and faster is required. A possible solution is measurement using sound. For example, acoustic impedance measurement utilizing audible-range sound is used for volume and surface area measurements of an object in a closed volume [7] [8] [9] . In this study, we propose a fast, highly accurate inspection method using audible sound for micro-holes that are mass-produced by metal stamping. This paper presents details of the proposed method and validates its performance.
Methodology
Flow through micro-holes affects the performance of a product. Therefore, if the flow rate of fluid passing through micro-holes could be accurately assessed by means of an inspection system, it would be possible to guarantee the performance of the product. Flow through a circular tube of radius r and length L is as shown in Eq. (1) by the Hagen-Poiseuille equation. In this equation, Q is the flow through micro-holes, ν is the coefficient of viscosity, P1 is the pressure on the inlet side of the circular tube, and P 2 is the pressure on the outlet side.
AC voltmeter cylindrical metal casing (built-in loudspeaker and a microphone) Function generator Flow through a circular tube as determined by Eq. (1) is seen to change according to hole radius r, hole depth L and pressure gradient P 1 -P 2 . In the prototype system, a microphone is used to detect the change in pressure of an sound wave as it passes through a hole. The external appearance of a prototype inspection system is shown in Fig. 2 , and a schematic is shown in Fig. 3 .
The inspection system consists of an AC voltmeter (VT-181, TEXIO Technology Co.), a function generator (DF1906, NF Co.) and a cylindrical metal casing with a small built-in loudspeaker (SW070WA02-01, Wavecor Ltd.) and a microphone (ATH-C500M, Audio Technica Co.). A micro-hole component is placed on top of the metal casing as shown in Fig. 4 . The outer diameter of the test container is 120 mm and the height is 150 mm. The volume of air between the microphone and the speaker is about 48 mL, and that between the microphone and the micro-hole is about 0.5 mL.
When a loudspeaker in a sealed casing is driven by a low-frequency sine wave, an excited sound vibrates the air inside the metal casing. If the vibration of the speaker is large, the pressure change inside the metal casing increases. The microphone detects the pressure change inside the metal casing. Here, the detected pressure varies according to the volume of a micro-hole. Thus, micro-holes can be inspected by analyzing the differences between the measured values. This system measures the change in pressure at the microphone when a sound wave passes through a hole. This is effectively the same as measuring the flow rate of a fluid passing through the micro-hole.
Validation of the Prototype Inspection System
The prototype inspection system was validated using micro-hole test samples with micro-holes of various diameters and depths. By inspecting samples with different hole diameters however uniform thickness, it is possible to evaluate whether a difference in the diameter of a hole can be detected. Likewise, by inspecting samples with a different thickness however constant hole diameter, it is possible to evaluate whether a difference in the depth of a hole can be detected. The appropriate driving voltage and output frequency of the speaker required to output the audio signal were experimentally determined and found to be 5.0 to 10 V p-p and 10 to 90 Hz, respectively.
Different diameter samples
The test samples had a thickness of 0.1 mm and the microhole diameter ranged from 50 to 110 µm. Table 1 shows the front, back, average diameters and hole volumes of the test samples. There are two basic ways of producing a hole: electrical discharge machining (EDM) and metal stamping. The micro-hole diameter was measured using a non-contact type coordinate measuring machine (NH3-SP, Mitaka Kohki Co.). The diameter was measured by approximating the micro-hole shape to a circle by applying least square fitting. The shape of the micro-hole differs depending on the hole-formation method used. In the case of EDM, the diameter on the front side is approximately 5 µm larger than that on the backside (Fig. 5 ). This is due to stagnant powder around the EDM electrode. In the metal-stamping method, the diameter of a micro-hole on the backside is 5 µm larger than that on the front side (Fig. 6) . Stamped holes have a four-layer structure that includes a shear drop, sheared surface, fractured surface, and burring. The microhole diameter on the backside increases due to the effects of burring. The cross-sectional shape is not straight either, so the average of diameters on the front side and backside was chosen as the representative micro-hole diameter of the test samples.
Different thickness samples
The test samples have a diameter of 0.3 mm and the thickness ranges from 0.3 to 1.9 mm. The aspect ratio of hole depth and hole diameter is from 1.1 to 6.3. The microholes were drilled by a compound jig borer. Table 2 shows the thickness, diameter of the front side, diameter of the backside and aspect ratio of the test samples. Figure 7 shows an image of the front side and backside of the holes drilled. There is a maximum difference in hole diameter of about 30 µm for the front side and the backside. Figure 8 shows the effect of the loudspeaker frequency on the measured effective voltage for different hole volumes. Here, the input voltage was 10 V p-p . The average hole diameters are indicated on the curves. It can be seen that the measured voltage increased with frequency. However, the lowest frequency of 10 Hz yielded the largest dependence of the voltage on the hole volume. Figure 9 shows the relation between input voltage to loudspeaker and the measured effective voltages. The input voltage values were 10, 7.5, and 5.0 Vp-p 5.0 V p-p and the frequency was set to 10 Hz. It can be seen that the measured effective voltage changed in proportion to the (Table 3 ). This result shows that the inspection resolution can be improved by increasing the input voltage to the loudspeaker. Figure 10 shows the dependence of the effective voltage on the micro-hole volume for an input voltage of 10 V p-p and a frequency of 10 Hz. The average hole diameters are indicated on the curve. The measured voltage clearly increases with micro-hole diameter; a 5 µm difference yields a 20 µV difference in voltage, although the change in voltage becomes smaller as the diameter decreases to below 80 µm or so. When three measurements per microhole were made, the difference between the measured voltage was found to be less than ±2 µV.
Results
The two test samples have the same average micro-hole diameter (approximately 102-103µm). Each was processed by the metal-stamping method and the EDM method. The two samples have different front side and backside diameters, however neither show a significant difference in measured effective voltage. Figure 11 shows the relation between the aspect ratio of a micro-hole and the measured effective voltages. The input voltage is set to 10 V p-p and the frequency is set to 10 Hz. The thicknesses are presented along the curve. The results demonstrate that the measured voltage decreases as the micro-hole depth increases; a 0.3-mm difference in micro-hole depth yields a 0.2-mV difference in voltage in this case.
The influence of micro-hole diameters that are different on the front side and the backside was then examined. The same measurements were performed with the same test samples installed the other way up. The results showed no significant difference in measured voltage between the original and inverted installations, indicating that the proposed method is capable of guaranteeing the flow rate through a micro-hole. However, if the difference in diameters between the front side and backside is larger, the effect on measured voltage is unknown.
Discussion
In Eq. 1, the flow rate passing through the hole was shown to vary due to the pressure difference between the inlet and outlet, hole depth and hole diameter. The results in Fig. 9 show that the flow rate passing through the holes is increased by a high input voltage. This is believed to be because the difference between the atmospheric pressure is increased because the pressure in the cylindrical casing is higher. This makes it possible to detect a smaller hole diameter difference due to the measured voltages being increased in the case of high flow.
It was also found, according to the results in Fig. 8 , Fig.  10 and Fig. 11 , that the measurement resolution is increased at a low frequency. This is thought to be because lower-frequency sound waves can more easily pass through a micro-hole due to diffraction. Therefore, in order to improve the measurement resolution, it is desirable to set a higher input voltage and a lower frequency.
The experimental results show that the proposed method is capable of detecting a difference in micro-hole diameter from the measured voltages. Specifically, for 100-µm diameter micro-holes having a thickness of 100-µm, which were the parameters adopted in this study, the proposed method is able to detect a 5-µm difference in micro-hole diameter.
The results in Fig. 10 show that the measured voltage is correlated with the volume of a micro-hole, not the diameter or cross-sectional shape. As the micro-hole volume is proportional to the flow rate through the holes, the proposed method is suitable for inspection of flow control parts. The results in Fig. 11 show that differences in hole depth are also detectable, although the resolution is only about 0.1 mm, which is significantly lower than that for the hole diameter.
The time required to measure the flow rate through a micro-hole is about 1 s, after a micro-hole components has been set which is faster than existing measurement methods.
The coefficient of the viscosity of a fluid is proportional to temperature, however, the influence of this on the measurements in this study were not confirmed. It is believed that in order to obtain a stable measurement result, it is necessary to keep the measurement environment as constant as possible.
Further study is needed with regard to the shape of the metal casing. There is a possibility that the accuracy of the measurement can be improved by optimizing the volume of the container. In particular, the detection performance of the microphone might be improved by reducing the volume between the micro-holes and the microphone. In addition, by selecting speakers and a microphone that better match low frequencies, the stability of the measurement results may be increased.
Conclusion
This paper proposed a method for inspecting microholes with diameters of less than 100 µm by using audible sound. This system is able to detect a 5-µm diameter difference in a micro-hole.
The experimental results indicate that a flow rate through a micro-hole correlates with a voltage measured by a microphone installed in the inspection system. The t=0.3mm 0.7 0.9 1.3 1.6 1.9
Fig . 11 Measured voltages for micro-hole aspect ratio flow rate passing through the holes is increased by a high input voltage. The measurement resolution is increased at a low frequency. Thus, it is expected that the proposed method can be used as an effective tool for determining the diameter of micro-holes.
